Parasympathetic inhibition of the heart is mediated by the interaction of acetylcholine (ACh) with muscarinic acetylcholine receptors (mAChR) on the surface of cardiac muscle cells. This interaction produces a decrease in the force and rate of contraction (3, 38) . Current evidence suggests that the slowing of the rate is mediated by a increase in the potassium conductance of the membrane (and a hyperpolarization), whereas the decreased force of contraction is the result of a decreased influx of calcium during the action potential (13, 15, 31, 53) .
feature of such morphologically specialized postsynaptic membranes is the localization of neurotransmitter receptor molecules to the region of membrane directly subjacent to presynaptic transmitter release sites (9, 10, 19, 33, 40, 5 1) . The purpose of the present study was to determine whether a similar patchy distribution of ACh receptors could be detected in cardiac muscle cells. These studies show that ACh sensitivity and mAChR are widely distributed over the entire surface of the cardiac muscle membrane and that ACh released from the autonomic axons has a diffuse effect on the cardiac muscle . A preliminary note has appeared (21) .
MATERIALS AND METHODS

Preparation
Experiments were performed on hearts of Xenopus laevis and Rana pipien .s in both summer and winter. No consistent differences were observed between Rana and Xenopus or between summer and winter frogs . Differences in the concentra-
Electrical Recording and lontophoresis
Standard electrophysiological recording and iontophoretic techniques were used as previously described (21) (22) (23) . Recording microelectrodes were fabricated from fiber-filled capillaries, were backfilled with 3 M KCI, and had resistances of 60-120 MS2. lontophoretic pipets were pulled similarly but filled with 2 M ACh-Cl . Braking currents of 4-8 nA were placed on the iontophoretic pipets to prevent outward diffusion of ACh. Because heart muscle ACh receptors do not noticeably desensitize during ACh application (l6), elaborate precautions for adjusting braking current were not necessary (24) . lontophoretic doses of ACh are expressed as nanocoulombs (nC) of charge passed through the iontophoretic pipet. Chemosensitivity is expressed as peak hyperpolarization (in millivolts) produced by ACh (in nanocoulombs). In some experiments the time integral of the response was measured by tracing photographs of responses on a 9864A Digitizer (Hewlett-Packard Co ., Palo Alto, Calif.) and calculating the areas with an HP 9810 calculator. Recording and iontophoretic pipets were positioned under visual control using Nomarski differential interference contrast optics at a magnification of x500, using a water immersion objective with a working distance of 1 .6 mm (39) . Solutions were applied to the bath by changing the perfusion reservior. Perfusion rate was -I ml/min . Several minutes were required for the new solution to enter and exchange the bath.
Zinc Iodide and Osmium
Axonal varicostities were stained with zinc iodide and osmium tetroxide (ZIO (2, 37, 46) . A zinc iodide solution was made by mixing 2 g of Zn dust and I g of I . . in 40 ml of Hr0. 2 ml of the filtered zinc iodide, 0.5 ml of 2% aqueous OS0,, and 6 ml of 0.2 M sodium acetate buffer, pH 3.9, were mixed to make the buffered ZIO solution . Fresh frog muscle was immersed in buffered zinc iodide and osmium solution overnight at 4°C. After incubation in ZIO, the preparation was rinsed in H=O, dehydrated rapidly in graded ethanol series, cleared with xylene, and mounted on a glass microscope slide in Protexx mounting medium (Scientific Products, Atlanta, Ga .). ZIO stains both cholinergic and aminergic nerve terminals (see references 2 and 46).
Electron Microscopy
Freshly dissected frog muscle was fixed in 1% glutaraldehyde buffered with sodium phosphate, pH 7.2, (250 mOsm) and postfixed in phosphate-buffered I% OsO, (39) . Fixed material was dehydrated in ethanol and embedded in Epon 812 resin . Silver sections were examined on a Philips 400 electron microscope .
QNB Binding
Binding of QNB to homogenates of frog muscle was performed as described by Yamamura and Snyder (59) and Fields et al . (11) . Briefly, hearts were homogenized in a Teflon-pestle, glass-tube homogenizer in 50 mM sodiumphosphate buffer, pH 7.4, at 4°C. Aliquots of the homogenates containing 0.01-0.5 mg of protein and 5-80 fmol of QNB binding sites were added to tubes containing 2 ml of 50 mM sodium-phosphate buffer, pH 7.4, [''H]QNB, and other additions as noted. Bound ['H]QNB was separated from free [ : 'HIQNB by vacuum filtration through GF/C glass-fiber filters (Whatman, Inc., Clifton, N. J.) . The filters were washed four times with 5 ml of ice-cold phosphate buffer, air-dried, and placed in Triton-toluene scintillation fluid (1 liter of Triton X-100, 2 liter of toluene, 12 .7 g of PPO (2,5-diphenyloxazole), and 0.3 g of POPOP (p-bis[2-(5-phenyloxazolyl)]benzene)) . Samples were counted at an efficiency of 40% in an LS230 liquid scintillation counter (Beckman Instruments, Inc., Fullerton, Calif.). Each filter contained 100-900 cpm of specific [ 3H]QNB binding. The [:'HIQNB was a mixture of active (-) and inactive (+) isomers . It was assumed that the ratio of (+) and (-) isomers was 1 .0 in calculating (-) 
Analysis of QNB-Receptor Interaction
Experiments were performed to analyze the equilibrium dissociation constant (Kc) and on-and off-rates of QNB binding to its receptor. The equilibrium K, was determined by measuring bound [''H]QNB as a function of the concentration of free [''H]QNB at equilibrium . The time required to reach equilibrium was determined in separate experiments (below). The Kd was determined from the slope of Scatchard (52) [LR] is described by the relation :
The equilibrium dissociation constant, K,,, is given by :
where subscript e denotes equilibrium concentrations. Rearrangement where [LR] e is concentration of bound ligand immediately before addition of competitor. The ability of various muscarinic agonists and antagonists to compete for QNB binding was determined by addition of these competitors to a standard incubation mixture containing 0.5 nM (±) [''H]QNB . The incubation was started by addition of homogenate and carried out for 90 min. The Hill coefficient (6) was evaluated from the equation :
Distribution of QNB binding sites was determined by autoradiography of muscle fibers labeled with [''H]QNB . Pieces of Xenopus laevis interatrial septum or sinus venosus were incubated in [''H]QNB in Ringer solution for 1-4 h at 21°C, washed with many changes of ice-cold Ringer solution for 2 h, and fixed for 30 min in 1% glutaraldehyde buffered with sodium phosphate, pH 7.2 . Most preparations were subsequently washed in Ringer's an additional 2-10 h at 4°C. The thinnest portions of the preparations were cut out and placed on a 1-cmdiameter round coverslip with a drop of 1% bovine serum albumin and quickly dried under a stream of air at 4°C. A thin layer of carbon was then evaporated onto the preparation . The slide was coated with emulsion by a method similar to that of Lane et al . (34) . Glass microscope slides were dipped in a solution of 2% celloidin in amyl acetate and dried. The celloidin-coated slide was then dipped in melted Kodak NTB-2 emulsion (diluted 1 :1 with distilled water) and air-dried . The emulsion-celloidin film was floated off the microscope slide onto a water bath at room temperature using a Wratten no . 2 filter (Eastman Kodak Co., Rochester, N . Y.) for illumination . The coverslip with the preparation was placed on the floating emulsion so that the preparation made firm contact with the emulsion layer. The coverslip and attached celloidin-emulsion layer was picked up by suction onto a filter paper support . A square of filter paper was placed on the filter-supporting surface of a Swinnex 45-mm filter holder (Millipore Corp. . Bedford, Mass .) attached to a vacuum line . The filter paper and holder were then advanced slowly toward the floating coverslip until the vacuum sucked the coverslip and emulsion onto the filter paper. By this method, it was possible to cover the preparation with emulsion without its getting wet. The emulsion was exposed at 4°C: in a dessicator for 10--14 d. The celloidin film was removed with several washes of absolute ethanol. The autoradiograph was developed at 15°C in Kodak Dektol developer for 2 min, rinsed in dH_O, and fixed in Kodak fixer for 5 min. Nonspecific binding was measured in preparations that had been incubated in [`H[QNB and 100 nM unlabeled (±) QNB or 100 pM atropine .
RESULTS
Experiments were performed on the frog heart. Although all regions of the heart were examined, electrophysiological and anatomical studies focused upon the sinus venosus, which is the primary pacemaker region, and the interatrial septum . The preparations are very thin sheets of tissue often not more than 20-IItm thick and are well suited for iontophoretic mapping experiments, because they can be viewed with Nomarski optics, and for anatomical studies using whole mounts .
Anatomy of the Preparation
In living preparations viewed with Nomarski optics, one can see considerable cellular detail . In both the sinus and the interatrial septum, electrically coupled muscle cells are organized into bundles that run through the preparation (Fig . 1 a) . The muscle "fibers" range from 3 to 50 ym in diameter and branch extensively . In favorable preparations it is possible to see the terminal branches of the varicose autonomic axons that innervate these cells. In Fig. 1 a and b , varicose axons (arrows) can be seen most clearly where they traverse areas devoid of muscle fibers. Occasionally, the axons extend across the surface of the muscle fibers (Fig . 1 b) . Varicosities on the muscle surface, however, are usually difficult to resolve with Nomarski optics .
The distribution of varicosities can be studied more easily in preparations that have been fixed and stained with ZIO (Figs. I c and 2) . Fig. 1 c shows the same field seen in Fig. l b after staining with ZIO. In this particular field, almost all of the ZIO-stained varicosities can also be seen in the Nomarski view (Fig . 1 b) . This particular region, however, was sparsely innervated. A more densely innervated area is seen in Fig. 2 . In Fig.  2 , varicosities are very densely distributed on the surface of the muscle fibers and are also found in the spaces between muscle fibers . To estimate the average area of muscle surface apposed to varicosities, the average cross-sectional area of varicosities and the density of varicosities on the muscle surface were measured from micrographs of ZIO-stained preparations . ZIOstained varicosities do not noticeably differ in size from living varicosities (compare Fig. 16 with Fig. l c) . ZIO-stained varicosities measure 1 .05 ± 0.45 pm in the short dimension by 1 .44 ± 0.48 gm in the long dimension (mean ± standard deviation, n = 70). Thus, an average varicosity has a cross-sectional area of 1 .2 Nm`. The density of varicosities on muscle fibers varies in different regions of the heart. The average density was 1 .9 varicosities/ 100 pml in the sinus venosus, 1 .6 varicosities/ 100 [Lm' in the atrium and interatrial septum, and 0.7 varicosity/ 100 ,uml in the ventricle. From the varicosity density and average varicosity cross-sectional area, it is calculated that the average area of muscle apposed to varicosities ranges from 2.2% in sinus venosus to 0.8% in ventricle. Because some of the varicosities that were counted were located several micrometers from the muscle, however, it seems likely that the actual focal synaptic area is less than the above estimate .
Varicosities are presumptive sites of transmitter release. Electron micrographs (Fig. 3) demonstrate that varicosities are packed with synaptic vesicles, even when they are located several micrometers from the muscle . A quantitative analysis of the frequency of close synaptic contacts was not made . However, in numerous electron micrographs most of the varicosities were located >50 nm away from the nearest muscle cell .
Chemosensitivity of the Postsynaptic Membrane
The chemosensitivity of the cardiac muscle membrane was measured by recording the hyperpolarization produced by iontophoretic application of acetylcholine. The spontaneous beating of the preparation was arrested by placing the preparation in Ringer solution containing 4 mM MnCI_. Fine-tipped, ACh-containing, iontophoretic pipets (>100 MSZ resistance) were positioned onto an impaled muscle fiber viewed with Nomarski optics as described previously (20) . (Fig . 4b ). Times to peak and half-decay times for pipetevoked responses increase with dose of ACh, whereas nerveevoked responses have time-courses independent of the number of vagal stimuli.
The peak response of the muscle increases as the iontophoretic dose of ACh (in nanocoulombs) is increased. The relationship between dose and peak response (Fig . 5 a) is linear over only a very small range (up to -2 mV peak hyperpolarization) . FIGURE 2 Portion of frog interatrial septum stained with zinc iodide and osmium . Numerous varicosities (arrowheads) and bundles of axons (arrow) are seen on the surface of muscle fibers (M) and in the extracellular spaces . Bar, 20 pm . From the initial linear portion of Fig. 5 a, the chemosensitivity was estimated to be 13 .5 mV/nC. Above 2 mV, the dose-peak response relationship saturates, possibly as a result of local saturation of receptors at the tip of the ACh pipet. With increasing doses of ACh, both the times to peak and half-decay times of the responses become progressively longer (Fig . 4 a) . This suggested that the time integral of the response might be more directly related to ACh dose . In onto the impaled muscle fiber within several micrometers of the recording electrode. Lateral adjustments of the pipet position along the fiber had no influence on latency or time-course of the response . Furthermore, the time-course and the latency of the response were markedly temperature dependent. As shown in Fig. 6 , reduction of the temperature from 28°to 18°C increased the latency of the response from 100 to 275 ms and increased the time to peak from I to 1 .4 sec. This temperature dependence provides further evidence that the latency was not a result of simple diffusion of ACh to distant receptors. Similar results have been reported by Pott (48) (see Discussion) .
Mapping ACh Sensitivity
ACh sensitivity of various spots along the muscle fiber was determined by constructing a dose-response curve (as in Fig.  5 ) at several spots on a muscle fiber. Small doses of ACh were used such that the peak response vs . dose relationship was in the linear range. In the fiber shown in Fig. 7 , the sensitivities pipet ACh FIGURE 4 Responses of sinus venosus muscle fiber to nerve-released and iontophoretic ACh. of six spots on or near the fiber were measured . The sensitivities of spots C-F on the fiber were very similar (range : [28] [29] [30] [31] [32] mV/ nC). Thus, within the resolution of the technique, ACh receptors are not clustered in cardiac muscle membrane . The large doses of ACh that were required to produce measurable responses and the slow time-course of the responses, however, suggested that the spatial resolution of this technique might not be adequate to resolve differences in sensitivity on a micron scale. Several tests were made to estimate the spatial resolution of the iontophoretic mapping technique.
The iontophoretic pipet was positioned [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] f,m away from the edge of the muscle fiber, and responses to pulses of ACh were examined . The muscle fiber in Fig. 7 responded to pulses of ACh even when the ACh pipet was placed 25 ,um away from the edge of the fiber (Fig . 7A) . However, the peak response was significantly attenuated and the latency of the response was increased markedly (from 110 to 230 ms). When the iontophoretic pipet was 10 jm from the edge of the fiber (Fig .  7 B) , the response was very similar in amplitude and timecourse to that seen when the pipet touched the fiber, but the latency was slightly prolonged (from 110 to 140 ms). When the iontophoretic pipet was raised [5] [6] [7] [8] [9] [10] pm above the endothelial layer covering the muscle, no responses were seen, even to large iontophoretic pulses .
These results suggest that the iontophoretic technique has a resolution of [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] ltm at best . If ACh receptors were clustered in patches separated by <25 ftm, this technique might not E 0 N reliably detect spatial differences in sensitivity. For this reason, another method was devised to examine receptor distribution .
Characterization of QNB Binding Sites in Heart Homogenates
The distribution of mAChR in heart was examined by studying the binding of the muscarinic antagonist, ['H]QNB. To use this ligand as a tag for the ACh receptor, it was first necessary to demonstrate that QNB binds saturably to one class of binding sites with a high affinity and that this binding exhibits the pharmacological characteristics of the ACh receptor.
The first series of experiments characterized the equilibrium dissociation constant (Ka) and the on and off rates of [''H]QNB binding to homogenates of whole Xenopus heart. Determinations were made at 21°C, the body (ambient) temperature of these animals, and at 37°C for comparison to data on mammalian mAChR in the literature .
The equilibrium binding of (-) [''H]QNB to heart homogenates was measured as a function of free ( [''H]QNB in the presence and absence of I jiM atropine or 10 nM unlabeled (±) QNB . The specific binding isotherm resembled a rectangular hyperbola. Specific binding sites were saturable at low concentrations (-0.1 nM) of (-) ['H]QNB. When linearized according to the method of Scatchard (52) (Fig . 8 b) , these data are well fitted by a single straight line (correlation coefficients of 10 experiments averaged 0.96) . These results show that QNB binds specifically to a single, saturable class of receptors. The K,, for QNB binding, determined by Scatchard analysis, was 11 .1 ± 1 .6 pM at 37°C and 11 .5 ± 1 .6 pM at 21°C (mean ± standard deviation, n = 5 at 21°C and n = 4 at 37°C). Lower-affinity, specific binding sites for QNB were not observed, even when free (-) [:'HIQNB concentration was increased to I nM . Nonspecific binding in the presence of 1 pM atropine or 50 nM unlabeled (±) QNB was not saturable
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and comprised <I 0% of the total binding at concentrations of (-) (Fig. 9b) , however, it is seen that the binding occurs with two different rates. Analogous results were obtained at 37°C except that the rate of binding was faster . The kinetics of QNB binding are not consistent with a simple bimolecular reaction . Galper et al . (12) , who have reported a similar phenomenon with muscarinic receptors from embryonic chick heart, suggest that the nonlinearity in semilogarithmic plots of LR Q -LR,/LRQ vs. time represents a twostep reaction of QNB binding to a single class of receptors rather than QNB binding to two different sites. My results also are consistent with two-step binding. The fraction of sites that bind QNB slowly can be estimated by extrapolating the slowly associating components of the lines in Fig. 9 b to time 0. The fraction of slowly associating sites increases from 10% to >60% as (±) [''H]QNB concentration is increased from 0.04 to 0.56 nM . This observation is inconsistent with two independent binding sites. Further support for a two-step binding process is obtained from dissociation experiments (below).
The dissociation rate constant was determined by measuring the decrease in bound [''H]QNB after adding unlabeled competitor (50 nM unlabeled (±) QNB or 100 ,uM oxotremorine). In experiments in which homogenates were incubated 90 min in ['H]QNB before addition of competitor, [''H]QNB appeared to dissociate at a single exponential rate that was temperature dependent (Fig . 10a) . Although some variability was noted in dissociation rates between experiments, the following dissociation rate constants from a single experiment were typical: 7 x 10-''/min at 37°C, 3 x 10 -''/min at 30°C and 1 .2 x 10 -''/min at 21 1C . At 4°C, dissociation was very slow, with a rate constant <6 x 10-4/min. If the homogenate was incubated at 21°C for only 5 min before addition of competitor, dissociation often occurred with two rates (Fig . 10b) . The quickly dissociating component was so small or dissociated so quickly at 37°C that it was not usually seen . At 21°C, -60% of the bound [''H]QNB dissociated with a t, /2 of -7 min. These observations are consistent with a two-step mechanism for QNB binding to its receptor . [: 'HIQNB first forms a quickly associating and dissociating complex that is slowly converted into a slowly dissociating complex. Thus, after short exposures to [''H]QNB both the quickly and slowly dissociating complexes are seen, whereas after long exposures all of the QNB-receptor complexes have been converted to the slowly dissociating form . Because most experiments in this paper examine [: 'HIQNB binding at equilibrium after long exposures to [''H]QNB, [''H]QNB may be considered simply to be binding to a single high-affinity site .
The pharmacological specificity of QNB binding was investigated by examining the ability of various cholinergic drugs to complete for [''H]QNB binding. Various concentrations of competitor were added to solutions of 0.5 nM (±) [''H]QNB, and the binding assay was initiated by addition of heart homogenate . After a 90-min incubation at 21°C, the bound [''H]QNB FIGURE 7 lontophoretic mapping of ACh sensitivity of a muscle fiber in the sinus venosus. The ACh pipet was positioned at six different spots (A-F) on or near the muscle fiber shown in the micrograph . The preparation was viewed with Nomarski differential interference contrast optics to permit accurate positioning of the pipet. The recording electrode (R) can be seen entering the left of the field and penetrating the fiber at the star . The muscle fiber is somewhat vacuolated as a result of the prolonged penetration preceding this photograph . In each panel of oscilloscope traces (A-F), top traces show the response of the muscle to pulses of ACh . Often several responses are superimposed . Middle traces show the same responses on a faster time-base to illustrate the latency. Bottom traces show the iontophoretic pulses . Bottom traces are retouched. The iontophoretic pipet was positioned (A) 25 Fm from the edge of the fiber (position not shown on micrograph), (B) 10pm from edge of fiber, (C-F) touching the muscle fiber as shown in the micrograph . Bar, 10 um . was determined by filtration and plotted as a function of competitor concentration . Competition curves for the muscarinic antagonists QNB, atropine, and tropicamide and the agonists oxotremorine, ACh, carbamylcholine (CCh), and bethanechol (BCh) are shown in Fig. 11 The ability of various muscarinic drugs to compete for QNB binding provides strong support for the contention that QNB binds to muscarinic ACh receptors. Further support was provided by the finding that the order of potency of agonists to compete for QNB binding (oxotremorine > ACh > CCh > BCh) reflected the ability of the agonists to hyperpolarize muscle cells in the sinus venosus. Fig. 12 illustrates responses of a muscle fiber to bath-applied agonists . In the absence of inhibitors of acetylcholinesterase, oxotremorine is more potent than ACh or CCh. ACh and CCh have similar potencies and BCh is quite ineffective in producing a hyperpolarization. With neostigmine, an inhibitor of acetylcholinesterase (Fig. 12 e) , however, the response to ACh is markedly potentiated such that ACh is only slightly less potent than oxotremorine .
Distribution of QNB Binding Sites in Heart
The concentration of QNB binding sites in different chambers of the frog heart was determined by Scatchard analysis of equilibrium [''HIQNB binding to homogenates. In Fig. 13 , bound [''HIQNB is in units of femtomoles per milligram of protein such that the x-axis intercept represents concentration of receptor in the tissue . Receptor concentrations were found to be higher in atria and sinus than in ventricle (Table 1 ) . The Kd of QNB binding to receptors from the various chambers of the frog heart were similar (Table 1) .
QNB Binding Sites in Intact Cells
The experiments with homogenates demonstrated the presence of a high-affinity, saturable QNB binding site in heart. (Fig . 14) resembles a rectangular hyperbola. The data are fitted by straight line on Scatchard analysis with a correlation coefficient of 0.87 (inset, Fig. 14) . This relatively poor fit is probably the result of large variability in binding of QNB to intact tissue pieces . The binding isotherm from intact tissue (Fig . 14) differs somewhat from that obtained with tissue homogenates. The Kd determined from the Scatchard plot is 148 pM . This Kd is an order of magnitude larger than that found for homogenates (11 .5 pM at 21°C). This large Ka is not attributed to failure to reach equilibrium, because incubation of the tissue in [3H]QNB for 4 or 12 h gave similar levels of specific QNB binding. The difference in Kd between homogenates and intact tissue is not understood and requires further study. The concentration of receptors in intact binding experiments is 891 fmol/mg. This is virtually the same as the receptor concentration measured in atrial homogenates (Table 1) . Nonspecific binding to intact cells in the presence of 100 ItM atropine was similar to that in tissue homogenates. In the experiment illustrated in Fig. 14 (Fig. l5) . Glutaraldehyde fixation had no effect on dissociation rate of [''H]QNB from intact tissue pieces (Fig . 15) .
Effect of QNB on the ACh Response
To determine further the concentration of QNB required to saturate ACh receptors in the intact tissue, the effect of various QNB concentrations on the hyperpolarization produced by ACh in sinus venosus was examined . The responses to iontophoretically applied ACh or nerve stimulation were recorded from muscle fibers before and during exposure to (±) QNB applied to the bath . In all cases, l-5 nM (±) QNB reduced the peak hyperpolarization >90% in <1 h. 0.5 nM (±) QNB reduced the responses to 65-80% of the control value in 1-2 h. At this time it appeared that a steady state had been attained . 2 h Exposure to 0.05 nM QNB had little or no effect on the amplitude of the response .
Distribution of QNB Binding Sites on Single Fibers
The distribution of QNB binding sites on muscle fibers was determined by autoradiography of whole mounts of frog interatrial septum and sinus venosus. These tissues are ideally suited for autoradiography because they are very thin sheets . in the interatrial septum labeled with [3H]QNB . Silver grains are distributed over the entire surface of the muscle fiber. In this preparation, the density of silver grains over the fibers was 0.07 grains/tm2 . Because the silver grains are highly localized to muscle fibers, little diffusion of the label has occurred during processing . Nonspecific binding was measured in preparations that were incubated in ['H]QNB in the presence of 100 nM unlabeled QNB (Fig . 16d) . Nonspecific grain densities over muscle fibers were not significantly different from background (0 .01 grains/ttrn ). The distribution of silver grains over all fibers in a given preparation is similar (Fig . 16a) . The distribution of silver grains over fibers in the sinus venosus is similar to that seen in the interatrial septum . Preparations labeled with 0.2 nM (±) [`'H]QNB had a lower level of binding but the grain distributions were similar to those seen when tissue was labeled with 2.5 nM (±) [3H]QNB.
Examination of autoradiographic preparations never revealed "hot spots" of grain density or any regular clumping of silver grains . Indeed, it appeared that the grain distribution was random in nature . Because the silver grains are produced by a random radioactive decay, a uniform distribution of QNB binding sites would be revealed as a random distribution of silver grains in the autoradiogram. In my preliminary report (21) , evidence was presented that grain distributions are random.
CCh
ACh + NEO QNB Binding Sites in Heart Chambers * Receptor concentration determined by extrapolation of Scatchard plots in lig . 15 to x-axis Concentration of receptors in sinus venosus muscle is expected to be higher than value given, because the fraction of connective tissue in sinus is very high compared to other chambers . t Kd was determined from nonweighted least-squares slope of Scatchard plots of Fig. 13 . Correlation coefficients were 0.99 for all but ventricle, which was 11 .94.
The main finding of this study is that cardiac muscle fibers are uniformly sensitive to ACh over their entire surface. This uniform distribution correlates well with the distribution of QNB binding sites that correspond to mAChR.
Organization of Neuroeffector junctions in Heart
It is well recognized that the neuroeffector junctions in many autonomically innervated tissues are relatively unspecialized . In the heart, the postganglionic nerve fibers form a widely ramifying network or plexus over the muscle (1, 17, 26, 28, 29, 57, 58 ities. Although direct evidence is lacking, these varicosities are thought to be en passage sites of transmitter release, mainly because they contain dense accumulations of synaptic vesicles (17) . Varicose axons sometimes pass near the muscle, but in many cases the varicosities are separated from the nearest target by a space of several micrometers or more (for example, Fig. 1 ) . Searches for nerve-cardiac muscle junctions with the electron microscope have usually revealed few close associations of the presynaptic and postsynaptic membranes (for examples, see references 17, 18, and 45), although some close appositions have been reported (36, (54) (55) (56) . Even in cases where close appositions of pre-and postsynaptic membranes have been seen, the postsynaptic membrane seldom exhibits obvious structural differences form the nearby sarcolemma . The present study demonstrates further that the postsynaptic membrane of the cardiac muscle fiber is not highly specialized on a molecular level. ACh sensitivity was found by iontophoretic mapping to be distributed uniformly on fibers in the sinus venosus . Difficulties were encountered, however, in achieving a resolution of < 10-25 j.m with this technique . Poor resolution was largely the result of the large pulses of ACh required to produce measurable responses, the absence of highly localized Ii . CRiss HARIZ1L1 MuscaonicAcety1chohneReceptors acetylcholinesterase in the postsynaptic membrane to limit the lateral diffusion of the ACh, and the slow time-course of the response .
Binding of QNB to receptors was used to characterize further the distribution of mAChR. Evidence was presented that QNB binds to mAChR. (a) QNB binds with high specificity to a single, high-affinity, saturable site . (b) QNB blocks the response of the heart to muscarinic agonists . (c) [''H]QNB binding is competed by muscarinic agonists and antagonists . The ability of agonists to compete for binding is paralleled by the potency of the agonists to produce a response in the cardiac muscle. These data confirm and extend observations of other laboratories on QNB binding sites in other heart systems (7, 11, 12, 59) .
The distribution of QNB binding sites, like that of the ACh sensitivity, was found to be random, at least over short lengths of muscle fiber. Gradations in the density of QNB binding sites were seen in different regions of the interatrial septum, but no regular differences were seen from animal to animal . Regular differences exist, however, in the density of mAChR in various chambers of the heart (Fig . 13 ). These differences correspond fairly well to differences in the density of innervation as determined by ZIO staining : the sinus and atria have both higher levels of QNB binding sites and more autonomic varicosities than the ventricle. In mammalian hearts, the sinoatrial (SA) node and atria are more sensitive to ACh than the ventricles (25, 29, 38) .
The conclusion that ACh receptors are uniformly distributed on the surface of cardiac muscle cells depends on two assumptions. The first assumption is that QNB binding sites visualized by autoradiography are located on the cell surface. This assumption seems justified for several reasons. (a) Nonspecific binding, which would include uptake into the cell, is <10% (Fig . 14) . (b) The energy of the /3 emission from`'H is low, and intracellular sites > l p,m from the surface are unlikely to be registered by the emulsion . I cannot exclude the possibility, however, that [''H]QNB binds specifically to intracellular sites, some of which are registered by the emulsion . Because the number of sites labeled in intact cells is similar to that in homogenates (c .f., Figs. 13 and 14) , the presence of a large intracellular pool of receptors seems to be excluded . The second assumption in the autoradiographic experiments is that no diffusion of QNB occurs during processing of the tissue . Diffusion of QNB seems unlikely because the silver grains are highly localized to the muscle fibers (Fig . 16) . It is unlikely that QNB would diffuse only along the muscle fibers . No gradient of grain density from the edge of fibers was seen that would suggest QNB diffusion from the muscle fibers into other regions of the preparation .
Comparison to Focal Synapses
The diffuse pattern of innervation and the widespread distribution of mAChR on cardiac muscle fibers is ideally suited for the role the parasympathetic nervous system plays in modulating heart rate . The arrangement of the axonal varicosities suggests that ACh is, in effect, "bath applied" to the muscle . Some indirect evidence for this comes from the observation that several vagal impulses can produce a 20-30 mV hyperpolarization, whereas focal application of ACh from a micropipet produces responses whose peaks saturate quickly with ACh dose (Fig . 5) and are not more than 5-10 mV in amplitude. This suggests that nerve-released transmitter acts at a much lower concentration over a larger area of the muscle membrane than iontophoretically-applied ACh does .
ACh has been shown to modulate the slow, inward Ca'`'/ Na' current of the cardiac action potential (15, 31, 53) . The channels of the slow, inward current presumably are distributed throughout the muscle membrane . For ACh to modulate these channels, each channel may be associated directly with a receptor or, alternatively, receptors might affect distant channels by "second messengers" that are formed as the result of ACh-receptor interaction and that diffuse throughout the cell (l4, 41). The widespread distribution of ACh receptors in the membrane makes it likely that each channel is associated with a receptor and reduces the need to hypothesize the involvement of second messengers .
The mode of action of ACh in the heart contrasts strongly with that which has been described at "focal" synapses such as the skeletal muscle-nerve junction . At the motor endplate, AC It evokes a fast excitatory postsynaptic potential (epsp) that triggers muscle contraction . The epsp rises to a peak in < 1 ms and lasts no more than 50 ms . This fast action of ACh is well adapted to triggering quick muscle twitches at high frequencies . The structure of the neuromuscular junction is highly specialized for providing such rapid action of ACh. The pre-and postsynaptic membranes are closely apposed with a synaptic cleft not exceeding 50 nm . Quanta of ACh are released at discrete spots from the nerve terminal in such a way that each quantum usually affects very small, nonoverlapping areas of postsynaptic membrane (M . M. Salpeter, personal communication ; see also reference 24 and footnote l) . The punctate action of ACh is produced in part by the action of the enzyme acetylcholinesterase, which is concentrated in the synaptic region and limits lateral diffusion of ACh and multiple binding (24, 32) . Receptors for ACh are highly localized in the subsynaptic membrane : the ACh-receptor packing density in the subsynaptic membrane is -10" X higher than in extrasynaptic membrane several micrometers away (9, 10, 33) . This assures that diffusion of ACh from the receptive membrane will occur quickly.
Chemosensitivity of the Receptive Membrane
The ACh sensitivity of cardiac muscle is -100-fold lower than that found at the skeletal neuromuscular junction (up to 5,000 mV/nC), when sensitivity is expressed in terms of the peak response . The difference in sensitivity of cardiac and skeletal muscle is, in part, a result of a lower receptor density in cardiac compared to skeletal muscle . Autoradiographic experiments in this paper suggest that the heart has a lower receptor density than the endplate . I typically find 0.07 grains/ pm`with 14 d exposure of autoradiograph . If one assumes that the probability a disintegration will produce a silver grain is 0.25, the mAChR packing density in these preparations is -130 mAChR/wmz. This is about two orders of magnitude less than that found at the endplate, but is comparable to that seen in extrajunctional regions of denervated skeletal muscle (8, 22) . Receptor density alone, however, does not completely explain the differences in chemosensitivity of cardiac and skeletal muscle, because the ACh sensitivities of cardiac and skeletal muscle are similar when expressed in terms of the time integral ' Matthews-Bellinger, J., and M. M. Salpeter . 1978 . Distribution of acetylcholine receptors at frog neuromuscular junction with a discussion of some physiological implications. J. Physiol. (Loud.) . 279:197-of the response (33 mV -s per nanocoulomb for heart in Fig. 5 and, for example, 17 mV -s per nanocoulomb for endplate from Fig. 4 of reference 33) . These results may be explained by recent results by Noma and collaborators (42) (43) (44) . They have shown that the single-channel conductance of the ACh-activated potassium channels in mammalian SA node is about one-fifth to one-tenth that of the endplate channel but the single-channel lifetime is -100 x longer than that of the endplate channel. Thus, a given dose of ACh may open fewer channels in heart, but each channel may pass 10-20 x more charge per opening than the endplate channel.
Kinetics of ACh Response
When ACh is iontophoretically applied to a cardiac muscle fiber that is not spontaneously beating, a hyperpolarization is produced that begins with a latency of -100 ms, reaches a peak in 1-2 s, and decays in an additional several seconds ( Fig. 4 ; see also references 5, 16, 23, 27, 48, 50) . Such slowness seems to be a common feature of muscarinic ACh responses in a variety of systems (autonomic neurons, 23, 35 ; smooth muscle, 4, 49 ; pancreatic acinar cells, 47). The slow time-course of the response could be explained by diffusional limitations or by cellular mechanisms . For example, the onset of the response might be the result of diffusional barriers restricting ACh access to receptors, and the decay might be caused by repeated ACh receptor binding and slowed ACh diffusion from the receptive membrane . Hill-Smith and Purves (27) have argued effectively that diffusional barriers cannot easily explain the latency or slow onset of the response . The finding (Fig . 16 ) that ACh receptors are widely distributed over the muscle surface and not restricted to inaccessible clefts further reduces the likelihood of diffusional limitations producing the latency. In addition, the high temperature-sensitivity of the response illustrated in Fig. 6 , which is similar to a more extensive analysis by Pott (48) , is inconsistent with a simple diffusional mechanism . The initial rising phase of the ACh response can be described by a third-order exponential : (l -e-"')'' where a is a constant and t is time . a has a Qlo of 2.3, so the overall rising phase has a Qlo of 12 ([2.3]'' = 12 .2).
Diffusional limitations can theoretically predict the declining phase of the ACh response (27) . Because ACh receptors are distributed over the entire surface of the muscle, the slow timecourse of the response might be explained by diffusion of ACh along the receptive membrane and repeated binding of ACh to its receptors. Additional experiments, however, are required to distinguish between rebinding and the involvement of chemical intermediates (such as cyclic nucleotides) as intracellular effectors of the ACh response (14, 41) .
